In this study, we developed a polymeric nanofiber patch (PNP) for topical disease treatment using electrohydrodynamic atomization (EHDA). The nanofibers were prepared using various concentrations of polyvinyl alcohol (PVA) and tamarind seed gum and loaded with clindamycin HCl as a model drug. The precursor polymer solutions were sprayed using the EHDA technique; the EHDA processing parameters were optimized to obtain blank and drug-loaded PNPs. The skin adherence, translucence, and ventilation properties of the prepared PNPs indicated that they are appropriate for topical application. The conductivity of the polymer solution increased with increasing PVA and clindamycin concentrations, and increasing the PVA concentration enhanced the solution viscosity. Based on scanning electron microscopy analysis, the PVA concentration had a pronounced effect on the morphology of the sprayed product. Nanofibers were fabricated successfully when the solution PVA concentration was 10%, 13%, or 15% (w/v). The applied voltage significantly affected the diameters of the prepared nanofibers, and the minimum nanofiber diameter was 163.86 nm.
Introduction
Acne vulgaris is a chronic inflammatory disease of the pilosebaceous unit that results in the formation of comedones, inflammatory papules, pustules, nodules, cysts, and scars. Acne vulgaris primarily manifests in the face and trunk and most commonly presents during puberty [1] . This skin disease represents a significant health burden in the United States, with 40-50 million general practice consultations for acne [2] . Several types of topical treatments have been developed for acne vulgaris, including solutions, gels, creams, and hydrogels [3, 4] . However, each of these dosage forms has limitations. For example, topical solutions do not remain at the site of application for sufficient time periods, and the treatment solution can be lost or contaminated during use. Hydrogels leave a visible polymer stain on the face after drying, while cream and hydrogel films impede skin ventilation, affecting the healing process [5] . Based on these drawbacks of conventional topical formulations, several alternative treatment modalities have been developed, including polymeric micellar nanocarriers [6] and solid lipid nanoparticles [7, 8] . Among the various new approaches, polymeric nanofiber patches (PNPs) have evolved as an alternative remedy for acne vulgaris because of their numerous advantages, such as high ratio of surface area to volume, skin concealment, high porosity, fine pores, and aspect ratio. These properties make non-woven mats composed of nanofiber patches excellent candidates for various applications, including the treatment of acne, wound dressing, and drug delivery.
Electrohydrodynamic atomization (EHDA), in which an external electric field is imposed on a polymer solution or melt, is a promising technique for producing continuous polymer fibers with nanoscale diameters [9, 10] . In theory, during EHDA, a liquid breaks up into droplets under the drive of an electric field. Various modes of EHDA have been reported; in this study, the stable cone-jet method is of specific interest [11] . In this mode, a liquid flowing through a nozzle is maintained at high potential and subjected to an electric field ( Fig. 1 ) , leading to the elongation of the meniscus and the formation of a jet. Subsequently, the jet deforms and breaks up into fine droplets. The small jet diameter allows rapid solvent evaporation, causing the particles to be deposited on the collector. Various process parameters (i.e., applied voltage, feed rate, distance between the nozzle and collector, drum collector rolling rate, and charge and viscosity of the sprayed solution) significantly affect the characteristics of products produced using EHDA [11] . For drug-delivery systems, the principal advantages of EHDA are that it provides (i) the opportunity for heat-sensitive drug loading, (ii) a relatively rapid and simple way to combine several materials into nanoparticles, and (iii) controllable operation factors.
In this study, polyvinyl alcohol (PVA), a water-soluble synthetic polymer, and carboxymethylated gum prepared from tamarind ( Tamarindus indica ) seed were utilized to fabricate PNPs because of their low toxicity, biodegradability, bioadhesive nature, and biocompatibility [12, 13] . Clindamycin, an effective antibacterial agent that is commonly used to treat acne vulgaris, was selected as the model drug [4] .
The objective of this paper is to fabricate and characterize clindamycin-loaded PVA/gum nanofiber acne patches using EHDA. The effects of EHDA parameters (applied voltage, injection distance, feed rate, and drum collector rolling rate) on the physiochemical properties of the products were carefully examined. Finally, the antimicrobial activity of the drugloaded PVA/gum PNP was evaluated and compared to that of a commercially available acne treatment.
2.
Materials and methods
Materials
PVA (batch number 02628LD) was purchased from 
Carboxymethylated gum preparation
Carboxymethylated gum was prepared using the method presented in our previous paper [14] with some modification. The reaction was conducted at 70 °C for 1 h with ethanol as the solvent. Different molar ratios of sodium hydroxide (NaOH) to monochloroacetic acid (ClCH 2 COOH) were used. The amount of crude gum from the seed of T. indica was 0.56 mol in all cases. The reaction product was precipitated and washed with ethanol to remove ionic salts. The carboxymethylated gum was removed by filtration and washed with 80% ethanol. Finally, the washed product was dried at 40 °C for 4 h. The degrees of substitution of the carboxymethylated gums were determined as follows [15] :
where W A is the mass fraction of the acetyl groups; C NaOH and C HCl are the molar concentrations of the standard NaOH and HCl solutions, respectively; V NaOH and V HCl are the volumes of the standard NaOH and HCl solutions, respectively; m is the weight of the sample; and 58 and 162 are the molar masses (g/mol) of the acetyl group and anhydroglucose unit, respectively.
Characterization of the polymer solution
The prepared polymer (PVA and/or gum) solutions were characterized to evaluate the effects of the polymer solution properties on the resultant nanoparticles. The conductivity of each solution was measured using a conductivity meter (model ECtestr11 + , Eutech Instruments Pte Ltd., Singapore), and the viscosity was evaluated using a viscometer (model DV-III Ultra, Brookfield, USA). The surface tension was measured with a surface tensiometer (k20s Easydyne, Krüss, Germany). All experiments were performed in triplicate.
PNP preparation
To prepare blank PNPs, various amounts of PVA, gum, and clindamycin were dissolved in 100 ml purified water ( Table 1 ). Each polymer solution was then sprayed using an EHDA instrument (Bangkok Cryptography, Thailand). The processing parameters (applied voltage, injection distance, feed rate, and drum collector rolling rate) were carefully adjusted to obtain blank and drug-loaded PNPs. All products were stored in a desiccator for further investigation. 
PNP appearance and morphology
The physical appearances of the PNPs were observed using a digital camera, while the surface morphologies were evaluated by scanning electron microscopy (SEM; model Maxim 2000S, CamScan Analytical, UK). The samples for SEM analyses were pasted on stubs and sputter-coated with gold to increase their conductance. Fiber diameter was analyzed by J MicroVision software (version 1.2.7).
Fourier transform infrared (FTIR) spectroscopy
To investigate the effects of the EHDA processing parameters on the drug-polymer interactions, PVA, gum, clindamycin, their physical mixtures, and the clindamycin-loaded PNP with a PVA:gum:clindamycin ratio of 9:1:1 were pulverized and blended with KBr and then compressed. The pellets were then analyzed using an FTIR spectrophotometer (model Magna-IR system 750, Nicolet Biomedical Inc., USA).
Powder X-ray diffraction
The powder X-ray diffraction patterns of the starting materials, their physical mixtures, and the PNP with a PVA:gum:clindamycin ratio of 9:1:1 were obtained using a powder X-ray diffractometer (model D8, Bruker, Germany) under the following conditions: graphite monochromatized Cu K α radiation, voltage = 45 kV, electric current = 40 mA, slit: DS1 °, SS1 °, RS 0.15 nm, and scanning ratio 2 θ = 5 °/min.
Differential scanning calorimetry (DSC)
The DSC thermograms of the starting materials, their physical mixtures, and the PNP with a PVA:gum:clindamycin ratio of 9:1:1 were measured using a differential scanning calorimeter (model Sapphire, Perkin Elmer, USA) with indium as a standard. Each sample (2-3 mg) was weighed into a solid aluminum pan. The temperature was increased from 20 °C to 300 °C at 10 °C/min under nitrogen.
Liquid absorption
The liquid-absorbing abilities of the samples were studied in distilled water at 25 °C ± 2 °C by placing a sample of known weight in water for 30 sec. Subsequently, the excess water was gently removed with tissue paper, and the wet sample was weighed. The percentage of liquid absorption was determined as:
where W d and W s are the weights of the dry and wet samples, respectively.
Antimicrobial studies
A disk-diffusion method was used to assay drug-loaded PNPs for bactericidal activity against test strains on Müller-Hinton agar (MHA) plates. To prepare the MHA plates, 0.1 ml of Staphylococcus aureus or Propionibacterium acnes was transferred into 10 mL Trypticase soy broth and then inoculated at 37 °C for 18-24 h (medium1). The prepared solution (medium1) was pipetted into 0.9% sterile normal saline solution in which the amount of organism suspension was equivalent to 0.5 McFarland (medium 2). Sterile cotton was dipped into medium 2 and swabbed onto the MHA plates. To determine the antibacterial efficiency of the PNP formulation, a standard paper disk was also impregnated with 10 μl of 0.1% clindamycin solution. The freshly prepared PNP with a final content of approximately 10 μg/patch and the paper disk containing dispersed commercial clindamycin gel (10 μg/disk) were evaluated for antimicrobial activity. The erythromycin disk and a blank disk were used as the positive and negative controls, respectively. The zone of strain inhibition was recorded after 16-18 h of incubation at 35 °C. Each test was conducted five times.
Statistical analysis
Analysis of variance (ANOVA) and Levene's test for homogeneity of variance were performed using SPSS version 10.0 for Windows (SPSS Inc., USA). The multiple comparisons were subjected to post hoc testing ( P < 0.05) using either the Scheffé or Games-Howell test (for when Levene's test was insignificant or significant, respectively).
Results and discussion

Characterization of the polymer solution
Before the EHDA process, the polymer solutions were characterized to evaluate the effects of solution properties on the appearance of the products. As illustrated in Fig. 2 , the viscosity of the spraying solution depended strongly on PVA concentration; viscosity increased dramatically with increasing PVA concentration.
The conductivity and surface tension of each polymer solution are shown in Table 2 . The solution conductivity increased with increasing PVA concentration from 13% to 15%. However, the surface tension was not affected by PVA concentration, which agrees with our previous finding that surface tension depends on the solvent type rather than the PVA concentration [16] . Tamarind seed gum is an ionized polymer in aqueous solution and has the ability to alter solution properties; in this study, the addition of gum increased both the conductivity and surface tension. Finally, the solution conductivity increased significantly with increasing clindamycin content because the hydrochloride form of clindamycin was protonated in the aqueous solution, resulting in higher conductivity [17] .
Physical appearance and morphology
Images of the PNP with a PVA:gum ratio of 9:1 and loaded with 1% clindamycin HCl are shown in Fig. 3 . The prepared thin film-like PNP, which was white in appearance ( Fig. 3A ) , could be closely attached to the skin ( Fig. 3B ) and became transparent when the skin was moist ( Fig. 3C ) . SEM images of the PVA nanofibers prepared from different polymer solutions are shown in Fig. 4 . The fibers prepared from solutions containing 3% and 5% PVA were disconnected and contained beads ( Fig. 4A and B ) . Continuous fibers without beads were obtained when the PVA concentration was between 10% and 15% ( Fig. 4C-E ) . The average diameters of the fibers fabricated from solutions containing 10%, 12%, and 15% PVA were 216.67 nm ± 26.85%, 244.66 nm ± 20.43%, and 260.39 nm ±14.25%, respectively. Thus, with increasing PVA concentration, the fiber diameter increased slightly, whereas the relative standard deviation decreased. This phenomenon can be explained by the whipping model, which indicates that the diameter depends on the flow rate, electric current, and surface tension [18, 19] :
where c is a constant, h t is the dimensionless conductivity of the fluid, I is the electric current, Q is the constant volume flow rate, and γ is the surface tension. SEM images of the PNPs fabricated at different applied voltages are shown in Fig. 5 . The average diameters of the fibers formed at applied voltages of 5, 10, 15, 20, and 25 kV were 260.02 nm ± 22.62%, 233.73 nm ± 19.01%, 172.89 nm ± 26.34%, 163.86 nm ± 26.93%, and 186.65 nm ± 23.50%, respectively. Thus, the fiber diameter decreased as applied voltage increased from 5 to 20 kV; however, further increase in the applied voltage to 25 kV increased the fiber diameter and resulted in bead formation. These results agree with the whipping model represented by Eq. (4) , which indicates that a high electric current results in small fibers [18, 19] . At an applied voltage of 5 kV, the nanofibers were flat and tended to fuse together ( Fig. 5A ) . When the PVA concentration in the spraying solution was 10%, the feed rate did not affect the nanofiber appearance (data not shown); however, at 3% PVA, nanofibers were not obtained at feed rates of 0.5 ml/h and greater. The nanofiber products obtained at needle-collector distances ranging from 10 to 25 cm were similar.
Figs. 6 and 7 show SEM images of clindamycin-loaded nanofibers formed from solutions containing 5% and 10% PVA. For the drug-loaded nanofibers, the 5%-PVA formulation resulted in thick fibers with diameter 200-800 nm and comprising beads. For the PVA concentration of 10%, the diameters of the nanofibers loaded with 1.0%, 1.5%, 2.0%, and 2.5% clindamycin were 277.80 nm ± 27.05%, 263.24 nm ± 20.84%, 234.73 nm ± 20.84%, and 202.65 nm ± 26.45%, respectively. Thus, increase in the clindamycin content decreased the fiber diameter and inhibited bead formation. These results agree with the result of the three-dimensional equation describing the dynamics of electrospun jets that is suggested by Reneker et al. [20] :
where λ is the geometric stretching ratio, f is the crosssectional area, the subscript zero denotes time t = 0, ρ is the liquid density, V is the velocity vector, P is the longitudinal force in the jet cross section (of viscoelastic origin), U0/h is the strength of the outer electric field, σ is the surface tension, k is the local curvature of the jet axis, e is the charge per unit jet length, qel is the net Coulomb force acting on a jet element from all the other elements depending on e , and the current overall configuration of the jet is the flux describing mass loss due to solvent evaporation from the jet surface. Based on Eq. (5) , the cross-sectional area f is inversely related to the liquid density ρ. Consequently, increasing the concentration of loaded drug decreases the fiber diameter. In this study, the diameters of the drug-loaded fibers prepared from 10% PVA solution ranged from 200 to 300 nm ( Fig. 6 ) . Clindamycin crystals were not found in any of the formulations, indicating that the active drug was entrapped and dispersed in the polymer fibers.
FTIR spectroscopy
The FTIR spectra of the starting materials (PVA, gum, and clindamycin), their physical mixture, and a clindamycin-loaded PNP are illustrated in Fig. 8 . The FTIR spectrum of clindamycin HCl showed characteristic peaks at 1695 cm −1 (C = O stretching), 1090 and 1210 cm −1 (C-O stretching), 1561 cm −1 (C = C stretching), and 2940 cm −1 (C-H stretching) [21, 22] . In the spectrum of PVA, the large bands observed at 3400 cm −1 are linked to O-H stretching. The vibrational band observed between 2840 and 3000 cm −1 corresponds to C-H stretching in alkyl groups, while the peaks between 1695 and 1745 cm −1 are attributed to C = O and C-O stretching in acetate groups [23] . The FTIR spectrum of gum showed characteristic absorption bands associated with -OH stretching vibration at 3500-3200 cm −1 and -CH stretching and bending vibrations at 2950-2800 cm −1 and around 1410 cm −1 , respectively. The absorption band appearing around 1600 cm −1 corresponds to the OH bonds of water molecules [24] [25] [26] . Peaks were observed at 1745, 1695, 1260, and 1090 cm −1 in the spectrum of the physical mixture (PM), similar to the peaks found in the spectrum of the starting materials. Comparing PM with PNP, the peaks around 2940 and 1100 cm −1 in the spectrum of PNP were broader. Most of the peaks in the PNP spectrum were quite similar to those in the PVA spectrum. However, the PNP spectrum also contained peaks corresponding to clindamycin at 1090 and 1255 cm −1 , indicating that the active drug was incorporated into the PNP without changing the chemical structure. Comparing to the starting material, the broader clindamycin peaks in PNP indicate that the drug might have converted into an amorphous form [27] .
3.4.
Powder X-ray diffraction Fig. 9 shows the diffraction patterns of the starting materials (clindamycin HCl, gum, and PVA), their physical mixture, and a clindamycin-loaded PNP. The diffraction patterns of gum and PVA exhibited typical halo patterns indicating amorphous structures, whereas the pattern of clindamycin HCl revealed sharp crystalline peaks at 6.7 °, 13.5 °, 17.1 °, and 37.9 ° [28] . These data suggested that clindamycin HCl was in a crystalline state, which explains the sharp endothermic melting peak in the DSC thermogram at 140 °C ( Fig. 10 ) . The diffraction pattern of the physical mixture demonstrated sharp peaks in locations similar to those in the pattern of the pure drug; however, these sharp peaks were not found in the pattern of the PNP, indicating that clindamycin HCl was molecularly dispersed in the polymers [27] .
Differential scanning calorimetry
The DSC thermograms of clindamycin, PVA, gum, their physical mixture, and a PNP loaded with clindamycin are shown in Fig. 10 . The thermogram of gum showed a broad endothermic peak at approximately 210 °C and a sharp degradation exothermic peak at 284 °C [14] . The DSC thermogram of clindamycin HCl showed a characteristic endothermic peak at 140 °C, which corresponds to the melting point of clindamycin HCl [29] . The thermogram of the PM exhibited broad endothermic peaks similar to those found in the thermogram of the PNP, possibly because the PM and PNP contained much larger amounts of polymer than clindamycin HCl. Therefore, the broad peak of the amorphous polymer in the PM and PNP covered the characteristic peak of clindamycin HCl. 
Liquid absorption
Fig . 11 shows the percentages of water absorption on films prepared from solutions with different PVA:gum ratios. The water-absorption percentages ranged from 0.012% to 0.05%, with the highest percentage obtained at a PVA:gum ratio of 9:1. This might be because adding an appropriate amount of the carboxymethylated gum can enhance the swelling of the PNP [30] .
Antimicrobial studies
The antibacterial activities of PNPs loaded with clindamycin HCl were evaluated against S. aureus using disk-diffusion tests ( Fig. 12 ) . The PNP without loaded drug did not exhibit any bactericidal activity; in contrast, the PNPs loaded with 1.0%-2.5% clindamycin HCl showed excellent bactericidal activity ( Fig. 10 ) , with the antibacterial activity being slightly dependent on clindamycin content. The antibacterial activities of the drug-loaded PNPs were significantly greater than that of 1% clindamycin gel. These results agree with the report of Unnithan et al., who concluded that interconnected nanofibers create perfect blocks and pores in the membrane, thereby preventing bacterial penetration and effectively avoiding exogenous infections [31] . The results indicate that the fabricated PNPs are good antibacterial membranes and can be applied as wound dressings.
Conclusion
In this study, EHDA was applied to fabricate PNPs loaded with clindamycin. The effects of the characteristics of the spraying solution and the instrument parameters on the EHDA products were examined. Round nanofibers with smooth surfaces and an average diameter of 163.86 nm were obtained from a precursor solution of 10% PVA (w/w) in methanol under an applied voltage of 20 kV. The addition of tamarind seed gum at a PVA:gum ratio of 9:1 enhanced fluid absorption on the PNP. Finally, clindamycin was successfully loaded in the PNPs, and the drug-loaded PNPs exhibited good antibacterial activity. The findings indicate that the new drug-loaded PNPs fabricated via EHDA have the potential to be applied as wounddressing materials.
